Abstract This paper presents a new mathematical model for the anaerobic hybrid reactor (AHR) (a UASB reactor and an anaerobic filter in series) and its experimental calibration and verification. The model includes a biochemical part and a mass transport one, which considers the AHR as two contact reactors in series. The anaerobic process transformations are described by the model developed by Siegrist et al. The fraction (F) of solids in the clarification zone of the UASB reactor that leaves this first reactor is the key physical parameter to be estimated. The main parameters of the model were calibrated using experimental results from a bench-scale AHR fed with real slaughterhouse wastewater. The fraction of inert particulate COD in the influent and the factor F were estimated by a trial and error procedure comparing experimental and simulated results of the mass of solids in the lower tank and the VSS concentration in the AHR effluent. A good fit was obtained. The final verification was carried out by comparing a set of experiments with simulated data. The model's capability to predict the process performance was thus proved.
Introduction
The anaerobic hybrid reactor (AHR) combines in series an UASB reactor in the lower part with an anaerobic filter (AF) in the upper part. Thus, the main shortcomings from both kinds of reactors are solved . AHR has already been used with success for the treatment of several types of wastewater working with flocculent or granular sludge (Batstone, 1999) . The AHR has its main interest when treating wastewaters that do not produce granular sludge mainly due to their high content of lipids and proteins.
The overall performance of the AHR can be studied by experimental work. However, the mass balances made in the pilot-plant tests have some limitations due to the difficulty in measuring some parameters and in making some computations such as: particulate matter flow rate from UASB reactor to AF (sludge retention time in the lower tank), fraction of active biomass in the solids accumulated in the sludge bed and blanket (wastage rate) and the total mass of solids retained in the lower reactor in transient periods.
These experimental limitations together with the very long time-response for many of the process transformations involved, lead to thinking of the usefulness of a dynamic simulator of the AHR to explore in a fast and easy way some aspects of this technology and to predict its performance.
The usefulness of simulators for process comprehension, design, operation and control is widely proved. The model complexity, however, depends on the model's purpose. The biochemical transformations taking place in such processes have been studied for decades by models of increasing reliability. The most recent compendium is the IWA ADM1 (Batstone et al., 2002) . Most of this type of model describe the process as a set of first-order differential equations implemented in a CSTR. When the reactor is working with attached or concentrated biomass, which is the case for UASB reactors and AF, these models could need to incorporate some other physical and biochemical phenomena involved such as suspended solids escape and mass transfer in the biofilm.
There is a wide variety of biofilm models presented in the literature (Noguera et al., 1999) . They take into account several phenomena such as substrate transport, granule porosity, biomass stratification or floc erosion (Rittman and Manem, 1992; Wanner, 1995) . The final result is a set of partial derivatives involving additional mathematical difficulties. There are also good approaches, without including a biofilm model, for UASB reactors and AF that consider the biomass as flocs in a completely mixed tank. Bolle et al. (1986) presented an integral dynamic model for the UASB reactor dividing it into three zones with different solid concentrations and variable volumes. Kennedy and Guiot (1986) modelled the AHR as a CSTR treating soluble synthetic water. Batstone (1999) modelled the active bed as two CSTR in series, concluding that a single CSTR is adequate for modelling medium to high gas flow conditions, except for the reactor startup that requires a two-CSTR model. Most recent works (Batstone et al., 2005) have presented a model for UASB reactors using the Takács clarifier model.
In this line, this paper presents a new mathematical model for the dynamic description of the AHR in order to predict its main performance parameters such as: solids retention, biogas and methane production, COD removal, bicarbonate and pH. The biochemical model used for the description of the anaerobic process transformations is that presented by Siegrist et al. (2002) . The transport model approach is two in series reactors with a simple relationship for the prediction of solids retention in the reactors. The overall model has been calibrated and verified by experimental results from a bench-scale AHR fed with real slaughterhouse wastewater and working with flocculent sludge. The computational platform used for the model simulation has been the commercial simulation program WEST w (http://www.hemmis.com).
Methodology Mathematical modelling of the AHR
The reactor model includes both the mass transport and the biochemical transformations.
The mass transport equations consider the AHR as two in series anaerobic contact reactors, each of them having a completely stirred tank reactor (CSTR) and a partial solid separation. Reactor 1 represents the UASB zone of the AHR and Reactor 2 the AF in the upper zone. In an UASB reactor there is a high solid concentration in the sludge bed, a lower one in the sludge blanket and a much lower one in the clarification zone (X CL ) ( Figure 1 ). The experimental data obtained show that the sludge bed and sludge blanket suspended solid concentrations are very similar in this particular case. Therefore bed and blanket are treated as the same zone (X SB ). The conceptual model approach (Figure 2 ) considers the UASB reactor as a CSTR with a uniform suspended solids concentration (X 1 ) being the total mass of solids in the conceptual CSTR 1 equal to the mass of solids existing in the UASB reactor. The value of X CL concentration can be estimated as a function of operational parameters such as the overflow rate and the gas production. The suspended solids concentration in the UASB reactor effluent has been modelled as a constant fraction (F) of X CL . Finally, the upper reactor (AF) has been modelled as a CSTR from which only a fraction (F 2 ) of the suspended solids concentration in the AF escapes in the reactor effluent.
The derivative of each model component is given by the sum of two terms: the biochemical derivative and the mass transport. The biochemical term is given by the process transformations described in the model developed by Siegrist et al. (2002) whose block-diagram is shown in Figure 3 . The following equations define the mass transport term developed in this work ( Figure 2) .
Reactor 1
Where S i,0 , S i,1 and S i,2 are generic soluble model components in the influent, reactor 1 and 2 respectively; X i,0 , X i,1 and X i,2 are generic particulate model components in the influent, reactor 1 and 2 respectively; X i,CL is a generic particulate model component in the clarification zone; Q the influent flow rate and V 1 and V 2 are the volume of reactor 1 and reactor 2 respectively. In order to carry out an experimental study of the AHR treating slaughterhouse wastewater, a bench-scale pilot plant was built. The AHR reactor volume was 55 l (3 m liquid height and 15 cm internal diameter). It was divided into two parts: 1.8 m UASB reactor in the lower part and 1.2 m AF filled with random plastic media in the upper part. The scheme of the plant is illustrated in Figure 4 . The reactor was made of cylindrical PVC and was fitted with 9 sampling ports along its length, 6 of these were in the UASB part and the rest in the filter zone. The reactor was maintained at 35 8C by means of an external water jacket through which water from a thermostatic bath circulated. Biogas produced was collected by positive displacement of acidified water (5% H 2 SO 4 and saturated with NaCl) in a 30 l gasometer.
Throughout the selected simulated period the reactor was operating with an organic loading rate ranged from 1.1 to 8.4 g COD/l·d corresponding to a hydraulic retention time Figure 4 Pilot-plant scheme between 0.5 and 2.3 days and a COD concentration of 2.7-7.9 g total COD/l and 1.8-7.7 g filtered COD/l. As it is shown in Figure 5 , the measured sludge load (F/M) varied between 0.1 and 0.8 g filtered COD/g VSS·d. The overflow rate (OR) varied between 0.05 and 0.24 m/h. Under these operational conditions the filtered COD removal efficiency ranged from 64 to 98%. The gas production obtained made to change the gas loading rate (G/A) value from 0.05 to 0.35 m 3 gas /m 2 reactor ·h.
Analytical methods
Influent, upper part of the UASB (CL zone) and effluent grab samples were collected every weekday and analysed periodically according to Standard Methods (APHA, 1995). Filtered COD, pH, total and volatile solids (TS, VS), total and volatile suspended solids (TSS, VSS), partial and intermediate alkalinity (PA as a measurement of bicarbonate alkalinity: titration from original pH to 5.75, IA: from pH 5.75 to 4.3) were measured daily and, total COD, ammonia and Kjeldahl nitrogen twice a week. Samples were filtered using Whatman 935-AH glass filter of 1.5 mm pore size. Methane was determined daily by gas chromatography with a thermal conductivity detector (Hewlett-Packard HP6890). Lipid content of the wastewater was roughly estimated by means of COD/VS ratio, assuming that the higher the value of this ratio the higher the content of lipid (1 g protein ¼ 1.15 g COD and 1 g lipid ¼ 2.91 g COD (Sayed et al., 1988) ). Proteins and aminoacids were determined based on Kjeldahl nitrogen and ammonia measurements (Miron et al., 2000) . The soluble inert fraction of the wastewater was determined by the biodegradability test method described by Field et al. (1988) . Volatile fatty acids were measured by gas chromatography and sugars by the DNS method.
Characterization of the influent wastewater in terms of the model components
Real wastewater generated in a slaughterhouse was used as influent to feed the reactor during the experiments after 24 hours of settling and flotation. Its main characteristics are shown in Table 1 .
The characterization of the filtered COD was made according to the laboratory results taking the average values. Although ranges in the influent characteristics were very wide during the period, the filtered COD fractionation in the components of the Siegrist model was considered as a constant (Table 2) ; however, it is known that these fractions slightly varied along the period.
The active biomass in the influent was considered to be zero. The value of the particulate substrate (X S ) depends on that of the inert particulate COD (X in ) which was fixed during the model calibration. The state variable S HCO3 is obtained from the experimentally measured bicarbonate alkalinity. S CO2 is calculated with the acid/base equilibrium and influent pH. The measured total inorganic nitrogen (N 2 NH model as the sum of S NH3 and S NH4 . Each state was calculated with the acid/base equilibrium and influent pH.
Calibration methodology
The stoichiometric and kinetic parameters of the biochemical transformations took the default values proposed by Siegrist et al. (2002) . The concentration of the suspended solids in the clarification zone (X CL ) obtained along the experiments were introduced as known inputs. The model was then calibrated by varying the fraction (F) of X CL that leaves the UASB reactor and the fraction of particulate inert COD (X in ) in the influent characterization until a good fit of simulations to the experimental results of the solid mass in the UASB tank (g VSS) and the suspended solids concentration in the AHR effluent (mg VSS/l) was obtained. The factor F 2 was assumed to be 1.
Results and discussion
The experimental period lasted for 460 days. Period A corresponds to the start-up and B to the first overload (around 4 months as a whole) followed by a sequence of short steady periods along a year.
A simple sensitivity analysis was conducted to determine the influence of small variations in the F and X in values upon the amount of solids in the system. These parameters play an important role for the mass of solids inside the reactor as shown in Figure 6 but they are not significant in the effluent solid concentration (figure not shown). (inert) 1 Figure 6 Sensitivity analysis of F and X in upon the mass of solids in the first reactor S. Soroa et al.
The best fit of solids was found for the values of F ¼ 0.25 and X in ¼ 0.42, that is, 25% of the VSS in the clarification zone of the UASB reactor pass to the upper part and 42% of the influent particulate COD is not biodegradable. Figure 7 shows the degree of goodness of the fitting. The simulated VSS in the effluent coincide satisfactorily with the measured data during the second part of the period but they do not during the start-up of the reactor (Periods A and B) where the reactor is not yet stabilised.
Once the solids were adjusted with these experimental results, the model verification was carried out by comparing the measurements not used during the calibration procedure. In Figure 8 the experimental results of biogas production and methane percentage are compared with simulation.
The figure shows that the predictive capability of the model is satisfactory, except for the periods A and B. The model was not able to predict the first overload period (B). Thus gas production and methane percentage maintained higher values than the experimental ones. For the same reason the prediction of COD and bicarbonate alkalinity in the clarification zone did not match during period B (Figure 8 ). In the last four weeks of the simulated period, the wastewater composition varied increasing the lipids content as the COD/VS ratio indicates in the experimental measurements. As a constant fractionation of filtered COD in the influent was assumed for simulations, the alkalinity and COD simulated in this part differs from measured data. The pH value was measured by grab samples but its value inside the reactor is known to be lower than that measured due to the CO 2 release because of the sudden decrease of the CO 2 partial pressure in the samples. A correction by decreasing its value 0.4 points makes the simulated and measured results to coincide.
The simulated values of ammonia nitrogen and soluble COD in the effluent (Figure 8 ) differ slightly from the experimental ones. This probably happens because the stoichiometric coefficients chosen for aminoacids produced by hydrolysis of proteins and long chain fatty acids produced by lipid hydrolysis are those given by default in Siegrist et al. (2002) . A more specific fractionation would be needed by laboratory analysis of the particulate COD in terms of lipids, proteins and carbohydrates. Another reason for this lack of fit could be the constant values given to the filtered COD fractions in Table 2 , being slightly variable together with the wastewater composition.
An additional study was carried out in order to explore the possibility of estimating the X CL concentration and substituting the experimental data used as input in the model. An empirical linear relationship between the biogas production (G) and X CL was found: X CL ¼ 14·G measuring X CL in mg VSS/l and G in Nl/d. Although the equation fitted reasonably well to the experimental results (Figure 9 ), some periods of discrepancy were detected suggesting a more detailed description of the clarification dynamics because, perhaps, other parameters also affect the value of X CL . That is why the equation was not used in the first set of simulations.
Conclusions
A mathematical model for the dynamic description of an AHR was elaborated, calibrated and verified against experimental results. This model demonstrated its capability to predict the process performance. The comparison of simulations with experimental data showed a good agreement regarding biogas and methane production, bicarbonate and pH. The simulation of ammonia nitrogen and filtered COD differed slightly from the experimental data. This shows the need of a better fractionation of soluble substrate depending on the type of wastewater and, hence, as a function of time. It also indicates that the stoichiometric coefficients by which the particulate COD breaks down by Figure 9 Experimental and calculated VSS concentration in the clarification zone hydrolysis should be corrected. For this, an analysis of lipids, proteins and carbohydrates should be made on the particulate substrate as well as fatty acids, aminoacids and sugars in the soluble COD fraction.
The model fitting gave as a result a value of 42% for the inert particulate COD in the influent wastewater. The fraction of suspended solids in the clarification zone (X CL ) in the UASB reactor passing to the anaerobic filter was 25%, also obtained from the model calibration.
Future research is needed to improve the empirical relationship of X CL with some more operational parameters so that it predicts better the values experimentally measured. It will also be desirable to predict the fraction of solids in the anaerobic filter that goes in the AHR effluent (F 2 ) for which specific experimental data will be required. The development of a more descriptive model could overcome the shortcomings in the predictions of this first version.
